Mitochondrial COI sequence variation was examined in members of the Pyrgulopsis kolobensis complex to clarify further the confused taxonomy of these springsnails, which were treated as a single species prior to a recent study that recognized five morphologically and genetically distinct species for the populations in the Virgin River drainage of southern Utah. Phylogenetic analyses of 44 currently undescribed populations in this complex from the eastern Great Basin and Snake River basin congruently resolved five divergent lineages. One of the lineages contained most of the newly sequenced specimens as well as the haplotypes of three currently recognized regional species. The mean genetic distance within this lineage was slight (0.7%) and consequently we treat it as a single, morphologically variable species for which the name P. pilsbryana has precedence and should be used. Two of the other lineages (both having small geographic ranges) are sometimes sympatric both with each other and with P. pilsbryana (as envisaged herein), but could not be distinguished morphologically and may be divergent haplogroups of P. pilsbryana or undescribed cryptic species. The remaining two lineages are single populations in eastern Nevada and southern Utah that, together with other, previously detected lineages from these areas, will require additional morphological study to determine their taxonomic status. Further molecular sampling, especially of the many populations in Nevada that have not been analysed so far, is also needed to help complete the taxonomic revision of the P. kolobensis complex.
INTRODUCTION
Springsnails of the Pyrgulopsis kolobensis (Taylor, 1987) complex (sensu Hershler et al., 2017) are widespread and locally abundant (e.g. Keleher & Rader, 2008) in a large area of the western United States encompassing the eastern Great Basin and parts of the Snake River and Colorado River basins. The members of this complex are usually closely similar, although local populations are sometimes markedly differentiated in shell shape and/or penial morphology (Hershler, 1998) . This assemblage was treated as a single species (P. kolobensis) by Hershler (1998) , but subsequently has been considered to be a species complex (Frest & Johannes, 2001; Hershler & Sada, 2002; Liu, Hershler & Clift, 2003) . The taxonomic breakup of this complex was initiated by a recent study of the populations in the Virgin River drainage of southern Utah (Hershler et al., 2017) that used morphological and molecular evidence to resurrect P. pinetorum (Taylor, 1987) , which was formerly a synonym of P. kolobensis (Hershler, 1994) , and to describe three new species (P. lindahlae Hershler et al., 2017 , P. nuwuvi Hershler et al., 2017 and P. santaclarensis Hershler et al., 2017 . The specific epithet kolobensis was restricted to the type locality population at Toquerville Spring (also in the Virgin River drainage).
The identity of the >200 populations in other drainages that were previously assigned to P. kolobensis (Hershler, 1998 ) is currently uncertain. Springsnails are at risk from groundwater pumping, surface flow diversions, introduction of exotic species and other anthropogenic threats (Sada & Vinyard, 2002; Hershler, Liu & Howard, 2014 ) and a sound taxonomic delimitation of these populations, which collectively account for a large fraction of the regional fauna (Hershler, 1998) , is needed to help identify Table S1 ; lineages (A-E) are labelled as in Figure 2. appropriate conservation targets. The previously limited molecular sampling of these snails delineated seven (mitochondrial) divergent lineages in southeastern Nevada and southern Utah (Hershler et al., 2017) and an eighth lineage in the Wasatch Mountains (central Utah) and Malad Valley (southeastern Idaho) (Liu, Hovingh & Hershler, 2015) , which are probably distinct species. Here we further examine mitochondrial DNA sequence variation in the P. kolobensis complex, with emphasis on western Utah populations, and use these data to continue teasing apart the diversity in this taxonomically confused group.
MATERIAL AND METHODS
We obtained COI sequences from 183 specimens of Pyrgulopsis kolobensis sensu Hershler (1998) from 44 localities in the eastern Great Basin and middle Snake River basin, including six sites in Idaho that were not reported by Hershler (1998) . Most of these samples were collected by one of us (PH) during 2012-2014 specifically for this study. Specimens were collected with a fine hand sieve and preserved in 90% ethanol in the field. Vouchers were deposited in the Smithsonian Institution's National Museum of Natural History (USNM) collection. Latitude and longitude coordinates were obtained using a hand-held GPS unit in the field.
Genomic DNA was extracted from entire snails using a CTAB protocol (Bucklin, 1992) ; each specimen was analysed for mtDNA individually. The primers LCO1490 and HCO2198 (Folmer et al., 1994) were used to amplify a 710 basepair (bp) fragment of cytochrome c oxidase subunit I (COI). Amplification conditions and sequencing of amplified PCR product were those of Liu et al. (2003) . Sequences were determined for both strands and then edited and aligned using Sequencher™ v. 5.4.1 (Gene Codes Corporation, Ann Arbor, MI).
Preliminary phylogenetic analyses were conducted using a large dataset containing available sequences for all regional congeners; this dataset was subsequently pared to facilitate generation of readable trees. The final analyses included the 183 newly sequenced specimens mentioned above, the previously delineated lineage from the Wasatch Mountains and Malad Valley (Liu et al., 2015) , the five currently described species in the P. kolobensis complex and seven additional regional congeners, two of which (P. fusca and P. hamlinensis) were newly sequenced for this study. We also sequenced additional specimens for two previously analysed populations of the P. kolobensis complex. The seven taxonomically undescribed lineages in the P. kolobensis complex reported by Hershler et al. (2017) were not included because our preliminary analyses showed that none of these are closely related to the snails that are the focus of this paper. Sequences from a lower Colorado River basin congener (P. bacchus) were used to root the trees. One example of each of the haplotypes detected in a given sample was used in the analyses, which were based on 658-bp aligned nucleotide sequences. Sample codes, locality and voucher information, and GenBank accession numbers for the COI sequences used in this study, are given in Supplementary Material Table S1 .
MrModeltest v. 2.3 (Nylander, 2004) selected the HKY + I + G model parameters as the best fit for the dataset (using the Akaike information criterion). Phylogenetic analyses were performed using three different methodologies-maximum parsimony (MP), distance and Bayesian inference (BI). The MP and distance analyses were performed using PAUP* v. 4.0b10 (Swofford, 2002) and the BI analyses were conducted using MrBayes v. 3.2.6 (Ronquist & Huelsenbeck, 2003) . The MP analysis was conducted with equal weighting, using the heuristic search option with tree bisection reconnection branch-swapping and 100 random additions. Nodal support was evaluated by 10,000 bootstrap replicates. For the distance analysis, HKY distance was used to generate a neighbour-joining tree (Saitou & Nei, 1987) . For the BI analysis Metropolis-coupled Markov chain Monte Carlo simulations were run with four chains (using the model selected by MrModeltest) for 5,000,000 generations. Markov chains were sampled at intervals of 100 generations to obtain 50,000 sample points. We used the default settings for the priors on topologies and the HKY + I + G model (Hasegawa, Kishino & Yano, 1985) parameters selected by MrModeltest as the best-fit model. At the end of the analysis, the average standard deviation of split frequencies was 0.006333 and the potential scale reduction factor (PSRF) was 1, indicating that the runs had reached convergence. The sampled trees with branch lengths were used to generate a 50% majority rule consensus tree, with the first 25% of the samples removed to ensure that the chain sampled a stationary portion. Uncorrected genetic distances within and between samples were calculated using MEGA7 (Kumar, Stecher & Tamura, 2015) , with standard errors estimated by 1,000 bootstrap replications with pairwise deletion of missing data. We also compiled all of the Pyrgulopsis COI sequences in GenBank, calculated uncorrected genetic distances, and plotted the frequency distribution for both intra-and interspecific variation.
RESULTS
The molecular phylogenetic analyses congruently resolved the newly sequenced members of the Pyrgulopsis kolobensis complex into five distinct and well supported clades (herein referred to as lineages A-E) that differed from each other by 2.0-4.2%, and from the outgroup taxa by 1.2-8.0% (Table 1 ). The trees generated by the three methods were closely similar; the BI topology is shown in Figure 1 . Two of the lineages (B, C) are single populations in southern Utah and northeast Nevada, respectively (Fig. 2) . A third lineage (A), containing the previously delineated 'Wasatch clade' (Liu et al., 2015) , and most of the newly sequenced specimens, is widely distributed in the northeastern Great Basin and middle Snake River basin (Fig. 2) ; the sequences of three currently recognized congeners (P. nonaria, P. pilsbryana and P. transversa) are nested in this clade. The haplotypes of these three species differ from those of the other members of this clade by 0.7% (ranging from 0.0% to 2.3%, with 93% of the differences <1.3%). The other two lineages (D, E) are distributed within a relatively small area in northeastern Utah and southeastern Idaho; both occur sympatrically with lineage A at one or more localities; they also co-occur with each other at one site (Fig. 2) .
We compiled 666 COI sequences for 122 currently recognized Pyrgulopsis species from the GenBank database. The uncorrected pairwise distances based on these data are plotted in Figure 3 ; 95% and 90% of all intraspecific distances are below 3.2% and 2%, respectively; 95% and 90% of all interspecific distances are above 4.4% and 5.3%, respectively.
DISCUSSION
The widespread springsnails of the Pyrgulopsis kolobensis complex were recently shown to include 13 divergent mitochondrial lineages, five of which are now recognized as distinct species that can also be diagnosed by subtle differences in the pattern of glands on the penis (Hershler et al., 2017) . The extensive molecular sampling reported in this paper detected four additional lineages in this complex, and has also shown that the 'Wasatch clade' (lineage A), which was previously delineated to include six populations in the Wasatch Mountains and Malad Valley (Liu et al., 2015) , ranges widely in the eastern Great Basin and middle Snake River drainage and contains three currently recognized species-P. nonaria, P. pilsbryana and P. transversa. The latter finding is somewhat surprising given that these species differ from each other and from the members of the P. kolobensis complex in diagnostic penial characters (Fig. 4 A-D) . The mean 0.7% genetic distance (ranging from 0.0% to 2.9%, with 96% of the differences <1.5%) found in lineage A is consistent with intraspecific variation based on our analysis of genetic distances for Pyrgulopsis (Fig. 3) ; 72% of intraspecific distances in Pyrgulopsis are less than the largest pairwise distances (2.9%) in lineage A. Furthermore, only 1% of all interspecific distances are less than the largest pairwise distance in lineage A and only 0.17% (of all interspecific distances) if we only considered the majority of the differences (within lineage A) which are ≥1.5%. Given the scant genetic differentiation within lineage A and the evolutionarily labile nature of springsnail penial morphology (Hershler, 1994; Liu & Hershler, 2005) we recognize this entire clade as a single species, for which the name P. pilsbryana (Baily & Baily, 1952) has precedence and should be adopted.
Although these findings have greatly clarified the taxonomy of the P. kolobensis complex in Idaho and central and northern Utah, additional studies are needed to determine whether the 12 taxonomically undescribed lineages that have been detected in southern Utah and Nevada can be morphologically diagnosed and thus merit treatment as new species. We suspect that supporting morphologic evidence will be found in most cases. Our detection of two divergent lineages (D, E) that sometimes occur sympatrically both with each other and with P. pilsbryana (lineage A) was surprising, because we found no morphological evidence that these lineages differ from P. pilsbryana (as newly constituted herein). We suspect that lineages D and E are either divergent haplogroups of P. pilsbryana (which render this species paraphyletic) or previously unrecognized cryptic species. Further molecular studies using nuclear markers may help shed light on the evolutionary and taxonomic status of these two enigmatic lineages. Morphological studies are also needed to determine whether P. pilsbryana, which (as envisaged herein) is highly variable in penial characters that are commonly used to separate springsnail species, can be distinguished by other morphological criteria. Additional molecular sampling is also needed, especially of the many populations in Nevada (which are distributed westward into Eureka County; Hershler, 1998) that have not been analysed so far. It is likely that at least some of these belong to additional divergent lineages meriting taxonomic study.
The frequency distribution of pairwise genetic distance (Fig. 3 ) indicates some overlap between intraspecific and interspecific variation, especially at levels between 3% and 4%. The overlap could be due to introgrogressive hybridization and/or incompletely resolved taxonomy (Smith, Poyarkov & Hebert, 2008) . If the most extreme 5% of both intraspecific and interspecific distances are deleted from the analysis, all intraspecific distances are less than 3.2% and all interspecific distances are greater than 4.4%, which suggests that DNA barcoding can be a useful tool for taxonomic studies of Pyrgulopsis, despite the relatively small extent of the barcode gap. These data suggest that further taxonomic, including revisionary, studies are warranted in cases where intraspecific variation exceeds 4.4%.
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